We show, for the first time to our knowledge, that highly nonlinear optically active as well as orientationally optimized crystalline materials for second-order nonlinear optics can be prepared by a proper design of short hydrogen-bonded molecular aggregates derived from a specially developed merocyanine dye. One of the cocrystals is shown to be a very useful and highly efficient crystalline material for electro-optic devices because of the perfect chromophoric orientation, the large electro-optic coefficient r 111 ϭ 30 Ϯ 3 pm / V at ϭ 1535 nm, and the greatly improved physical properties such as higher melting point and crystal properties such as crystallinity. In addition, we demonstrate that one can vary or tune the linear and nonlinear optical properties of this cocrystal without modifying the chromophoric orientation in the crystal lattice by changing the crystal growth conditions.
INTRODUCTION
The main merits of organic as compared with inorganic materials for electro-optic applications are the large electro-optic effects with the low frequency dispersion, the low dielectric constants, and the ultrafast response that results in the promise of bandwidths up to approximately 100 GHz or more for high-frequency modulation. 1 Single crystals are one of the most attractive material classes because of the superior long-term orientational stability and the high density of active components. However, only few chromophores with large molecular hyperpolarizabilities such as donor-acceptor stilbenes and tolanes have been developed into potentially useful crystalline materials over the past few years. The design of crystalline materials with large second-order optical nonlinearities requires optimization of both the molecular hyperpolarizability and the molecular orientation in the bulk. 2 There has been significant progress in understanding and optimizing first-order molecular hyperpolarizabilities of classical -conjugated donor-acceptor chromophores in the past few years. 3, 4 However, chromophores still need to arrange noncentrosymmetrically in the crystalline state to have nonvanishing macroscopic second-order nonlinear optical responses. Furthermore, to be a useful and efficient second-order nonlinear optical crystalline material, the orientation of the chromophores within the crystalline lattice needs to be optimized. For electro-optic applications, the most favorable orientation of dipolar chromophores is in a parallel arrangement in which the intrinsic nonlinearity of the chromophore is maximized in the bulk. Unfortunately, in addition to the unpredictable and uncontrollable crystal packing, 90% of the achiral organic molecules crystallize centrosymmetrically. Nevertheless, there are possible strategies that have been used to induce and enhance the formation of polar crystals of highly extended -conjugated systems; these include the introduction of molecular asymmetry, 5 the use of ionic interaction, 6 and the non-rod-shaped -conjugated core-hydrazone skeleton. 7, 8 Another obstacle in developing useful crystalline materials is that the rodlike, highly extended chromophores often do not possess the desired crystal properties, such as easy crystal growth and good crystal quality, for further materials development and applications.
It is of great interest to develop merocyanine dyes such as Mero-1 [ Fig. 1(a) ] into useful and efficient crystalline nonlinear optical materials because of their exceptionally large first-order molecular hyperpolarizability and the good photostability of their trans-isomer. However, its molecular hyperpolarizability is greatly dependent on the solvent polarity, which is due to the relative contribution of the two resonance structures, the quinonoid form, Mero-1A and the zwitterionic form, Mero-1B, in response to the solvent polarity [ Fig. 1(a) ]. Our earlier results indicated that Mero-1 often forms cocrystals with phenolic derivatives by two distinctive packing motifs but not with aniline and aliphatic alcoholic derivatives. 9 The first type of cocrystal is characterized with anionic and cationic assemblies or arrays as building blocks. In contrast, the second type of cocrystal is built up with a short or strong hydrogen-bonded molecular aggregate. These cocrystals were also shown to exhibit greatly improved crystal properties as well as enhanced nonlinear optical properties compared with those of their components.
With an introduction of the hydroxyl functionality into the merocyanine skeleton as in Mero-2 [ Fig. 1(a) ] and the appropriate guest molecule, 2,4-dihydroxyacetophone, we have been able to induce an optimized orientation of this dye in the crystalline state for frequency conversion. 10 To further elaborate this approach we present the first, to our knowledge, successful example of tuning and optimizing of the chromophoric orientation within the crystal lattice by modification of the side group of a guest molecule of the self-assembled molecular aggregate. As a consequence, two novel and perfectly aligned electro-optic crystals have been developed. One of the electro-optic cocrystal samples of good optical quality was successfully grown by a slow-temperature-cooling technique and was physically characterized with the linear and the nonlinear optical properties. In addition, we show that one can tune the linear and nonlinear optical properties of this cocrystal by changing crystal growth conditions.
DESIGN AND CRYSTAL STRUCTURES
One of the key features in the crystal structure of Mero-2,4-dihydroxyacetophone is the hydrogen-bonded staircaselike polar chain packing motif, which gives rise to a two-dimensional acentric layer and then a noncentrosymmetric packing. Generally, the three-dimensional crystal packing is extremely sensitive to subtle structural modifications. Even a minor change of a substituent will entirely alter the relative orientation and arrangement of the molecular assemblies as well as the threedimensional packing. Turning this into an advantage, the relative orientation of the chromophores in the crystal lattice could be tuned by careful structural modifications of the molecular aggregates, provided that the polar chain motif was maintained. Crystallization of equal molar of Mero-2 and 2,4-dihydroxybenzoate (MDB) in methanol yielded red prismatic crystals with greatly improved crystal and physical properties (melting point of cocrystal is 184.6°C versus 151.6°C for Mero-2 and 118.9°C for MDB). Furthermore, the cocrystals are strongly secondharmonic-generation active in the Kurtz-Perry powder test, 11 which suggests a highly noncentrosymmetric molecular arrangement. Single-crystal x-ray structure analysis shows that cocrystal Mero-2-MDB crystallizes noncentrosymmetrically in the monoclinic space group Cc (point group m, Z ϭ 4) with cell parameters a ϭ 25.156 (14) , b ϭ 5.791(2), c ϭ 14.250 (6) Fig. 2(a) ]. By use of the same specimen as for x-ray structure determination, the chemical structure of this cocrystal was reconfirmed by a NMR spectroscopic study. In addition, the chemical composition of the cocrystal was evaluated by elemental analysis, which shows the correct composition ͓C 23 H 23 NO 6 (mol. wt. ϭ 409.44), Found% (Calc%): C ϭ 67.58 (67.47), H ϭ 5.73 (5.66), N ϭ 3.44 (3.42)]. In view of the crystal structure, an infinite, hydrogen-bonded, polar chain packing motif is evidence that is similar to that of Mero-2,4-dihydroxyacetophone. This chain is formed by a linear molecular aggregate in which the highly electronegative Fig. 1(b) ]. Then these rodlike aggregates orient in head-to-tail fashion and connect laterally by hydrogen bonds (O-H...O ϭ 2.65 Å), resulting in a staircaselike acentric chain. Importantly, the charge-transfer axes (O → N) of the highly hyperpolarizable chromophores of Mero-2 are essentially parallel to one another in the crystal lattice (the angle between the charge-transfer axes of two symmetryrelated Mero-2 cocrystals is 2.8°), which is definitely an ideal chromophoric configuration for electro-optic, photorefractive effects as well as for third-order nonlinear optical effects.
Although the spatial requirement of the methylene group is larger than that of the oxygen atom, the methylene group is isoelectronic to the oxygen atom. The cocrystal formed by Mero-2 and 2,4-dihydroxypropiophenone (DPP) also yielded polar cocrystal with a strong second-harmonic-generation response in the powder test. The x-ray structure of the Mero-2-DPP cocrystal shows that it packs in a way almost identical to that of Mero-2-MDB (crystal data for cocrystal Mero-2-DPP: monoclinic, space group Cc, point group m with a ϭ 25.40 (2) ,
The angle between the chargetransfer axes of two symmetry-related Mero-2 cocrystals is 2.2°. With the same specimen as for x-ray structure determination, the chemical structure of this cocrystal was cross-checked by NMR spectroscopy. Several bulk Mero-2-MDB cocrystals with sizes as large as 8 mm ϫ 5 mm ϫ 4 mm (Fig. 3) have been successfully grown from methanol solution by the slowtemperature-lowering technique. Interestingly, depending on the growth conditions, two distinctively colored bulk crystals, phase I (orange red) and phase II (dark red), were obtained (Fig. 3) . The single-crystal x-ray structural analyses proved that the two different-colored crystals possess an identical molecular packing but with absorption cutoffs, cutoff , that differ by roughly 65 nm (see Section 3). Two optical-quality crystal plates were cut and polished from the orange-red and dark-red bulk samples, respectively, so that we could investigate the linear optical, linear electro-optic, and nonlinear optical properties of these new materials and to enable us to obtain insight regarding the origin of this difference.
LINEAR OPTICAL PROPERTIES
The two distinct bulk crystals (phase I and phase II) show significant differences in their linear optical properties. We measured the transmission spectra of two polished samples with a UV/visible spectrometer (Perkin-Elmer Lambda 9). The light was polarized along the dielectric x 1 axis of the two crystals, which coincides with the crystallographic a axis. We calculated the absorption from the transmission measurements, taking into account reflections from both surfaces (Fig. 4) . The absorption cutoff for the phase I sample is approximately ϭ 615 nm, whereas it is shifted toward ϭ 680 nm for the phase II one, also indicated in Fig. 4 . We estimated the absorption cutoff wavelength by the intersection of the slope within the absorption region with the wavelength axis. We calculated the slope by fitting the linear behavior of ␣ versus occurring in the region above ␣ ϭ 25 cm Ϫ1 . Besides this shift in the cutoff wavelength, the absorption spectra show no remarkable differences. Owing to vibrational resonances of the C(sp 2 )uH bonds, the absorption cutoff in the infrared lies near ϭ 1600 nm for both samples. The broad absorption spectrum is discussed below.
The dispersion of the refractive indices was determined in the range of ϭ 633 nm to ϭ 1535 nm by a MachZehnder interferometric method especially suitable for crystals having highly parallel planes. To determine the refractive indices we rotated the crystals around the a axis perpendicular to the laser beam while counting the number of interference fringes resulting from the change in the optical path length in one branch of the interferometer as a function of the angle of incidence. 12 The indices at ϭ 659 nm and ϭ 771 nm were obtained from the coherence lengths measured in Maker-fringe experiments (Section 4), resulting in a larger experimental error. Figure 5 shows the wavelength dispersion of the refractive Fig. 3 . Phase I and phase II bulk cocrystals of Mero-2-MDB as grown. Fig. 4 . Absorption spectra of Mero-MDB for the incident light polarized along the dielectric x 1 axis. The slope within the absorption region and its intersection with the wavelength axis for both samples are also shown.
index n 1 for the two different cocrystals together with theoretical fits obtained from a Sellmeier oscillator function, which in the case of one dominant oscillator is given by
Here p is the plasma frequency, ␥ 0 is a local-field parameter, eg is the oscillator frequency, and A is a constant containing contributions of other excitations. This formula was not sufficient to describe the dispersion of the phase II crystal, since most of the measured indices were inside the absorption region. Therefore a damping term had to be included in Eq. (1), resulting in
where ⌫ takes into account the damping of the oscillator, which is due to strong absorption. In this complex notion, the imaginary part describes the absorption, and the real part of Eq. (2) describes the dispersion of the refractive index. The resulting Sellmeier parameters for both crystals are listed in Table 1 . During the fit the oscillator frequency was kept constant for the damped case. This frequency was estimated from the shift of the absorption edge by ⌬ ϭ 65 nm for the phase II crystal compared with the phase I one, giving ϭ 540 nm. The correspondence between the shift of oscillator frequencies and absorption edges was also recently observed in the organic crystal 4-dimethyl-aminobenzaldehyde-4-nitrophenylhydrazone. 13 
ELECTRO-OPTIC AND NONLINEAR OPTICAL PROPERTIES
The dominating nonlinear optical coefficient d 11 was measured at two different wavelengths, ϭ 1318 nm from a Nd:YAG laser (pulse duration ϭ 60 ns, repetition rate f ϭ 30 Hz) and the first-order Stokes-Raman-shifted line of CH 4 pumped by a Nd:YAG laser ( ϭ 1064 nm), giving ϭ 1542 nm (pulse duration ϭ 5 ns, f ϭ 2.5 Hz), by the standard Maker-fringe technique. 14 The planeparallel samples were rotated around the a axes perpendicular to the incoming laser beam, and the frequencydoubled power was measured with a photomultiplier. The signal was then processed with a gated integrator and was recorded with a Macintosh computer via data acquisition.
1 An ␣-quartz crystal was used as a reference material. Our reference values d 11 Note that, in accordance with the new standards, 15 the nonlinear optical coefficient of quartz was reduced as compared with earlier work, in which a value of d 11 ϭ 0.4 pm/V or higher was used. 17 The resulting values are listed in Table 2 . It can be seen that the second-order nonlinear optical susceptibilities of the phase II crystal are considerably larger than for the phase I at both wavelengths. This is partly due to resonant enhancement, since the second-harmonic wavelength in the case of the phase II sample is beyond the cutoff wavelength for both fundamental wavelengths. The relatively large values of the nonlinear optical coefficient for both samples confirm the very good alignment of the chromophores within the bulk crystal.
The linear electro-optic coefficients were determined by an interferometric method. 1 A sinusoidally modulated voltage with a frequency of f ϭ 1 kHz and an amplitude of typically U ϭ 50 V (E Ϸ 175 V/cm) was applied along the x 1 axis. The beam was also polarized along the x 1 axis. As light sources we used a diode-pumped YLF laser at ϭ 1313 nm (ADLAS Model DPY 203 C) and a microlaser (Amoco Laser Co. Model 1.5-EHA) at ϭ 1535 nm. With this experimental setup the electro-optic coefficient, r 111 of Mero-2-MDB, expected to be the largest one based on the perfectly aligned chromophoric arrangement, was measured. The experimental results are summarized in Table 3 . The r 111 values of dark-red Mero-2-MDB (Phase II) was found to be 30 Ϯ 3 pm/V at ϭ 1535 nm, which is as large as the r 333 value of the inorganic material, LiNbO 3 , used in commercialized electro-optic devices. In contrast, r 111 of the orange-red Mero-2-MDB (phase I) is consistently smaller than that of the dark-red sample (phase II) for both wavelengths (Table 3) . For applications such as electro-optic switches or modulators, the reduced half-wave voltages v 1 , calculated from the measured electro-optic coefficients, are an important parameter and are also given in Table 3 .
We also calculated the electronic part r 111 e , using the measured d 11 coefficient at ϭ 1542 nm and 1318 nm ( Table 2 ) and correcting with the two-level model for dispersion effects. 18 These values are consistently smaller than the unclamped electro-optic coefficients measured. This fact may be an indication, for contributions other than purely electronic ones, of the overall electro-optic effect, which requires further investigation.
DISCUSSION AND CONCLUSION
Our results suggest that the staircaselike acentric chain motif formed by the merocyanine dye Mero-2 and by 1,3-dihydroxybenzene derivatives is not too susceptible to subtle structural changes. With careful modification of a substituent in the 1,3-dihydroxybenzene skeleton, provided that the polar chain motif is maintained, the chromophoric orientation can be tuned in the crystalline solid. This results in the development of two novel cocrystals, Mero-2-MDB and Mero-2-DPP with a perfectly parallel chromophoric alignment for large electro-optic effects.
In contrast to most other organic crystals, the vibrational resonances of Mero-2-MDB that occur in the infrared region are very strong and extend up to at least ϭ 2000 nm (Fig. 4) . It is likely that the hydrogenbonded proton between Mero-2 and MDB [ Fig. 1(b) ] contributes to this resonance to a large extent. Note that there can also exist another hydrogen bond in the MDB molecule between the OH group and the nearby oxygen.
Based on our experimental results, the difference between the orange-red and the dark-red phases is not simply caused by artifacts and impurities. The nature of this discrepancy between the two nominally structurally identical materials could be due to the different location of the proton that constitutes the short hydrogen bond; however, this notion still needs further confirmation. As the position of the hydrogen-bonded proton varies, it induces a different environment for the merocyanine dye. Therefore the nonlinearities of this dye are anticipated to vary with the nonlinear optical response in different solvents. As a result, the experimentally found nonlinear optical properties of Mero-2-MDB are smaller than the ones estimated based on the oriented gas model (calculated d 11 Ͼ 1000 pm/V).
In summary, the approach in which self-assembling is induced by the short hydrogen bond is shown to be extremely promising for tuning and optimizing the acentric molecular arrangement within the crystalline lattice as well as for improving and enhancing the crystal and physical properties of the highly extended -conjugated chromophores. The Mero-2-MDB cocrystal is shown to be a very useful and highly efficient crystalline material for electro-optic devices because of the perfect chromophoric orientation, the large electro-optic coefficient (e.g., r 111 ϭ 30 Ϯ 3 pm/V at ϭ 1535 nm), and the greatly improved physical and crystal properties.
The results that are reported here present just the first step toward optimized, completely aligned electro-optic materials based on highly nonlinear optical chromophores. Further enhancement of nonlinear optical properties of cocrystals could be anticipated by use of an extended merocyanine derivative. Such investigations are currently in progress. 
